Background {#Sec1}
==========

Considerable effort has been devoted to the study of a reactive hydromagnetic fluid flow which finds numerous and wide-ranging applications in many engineering processes, such as polymer extrusion, nuclear reactor design, geophysics and underground storage of nuclear waste and energy storage systems amongst others. Reactive hydromagnetic fluid flows are often accompanied with heat transfer in many industrial and engineering applications. For instance, Makinde and Beg ([@CR18]) devoted their study to investigate the inherent irreversibility and thermal stability in a reactive electrically conducting fluid flowing steadily through a channel with isothermal walls under the influence of a transversely imposed magnetic field. Recently, Hassan and Gbadeyan ([@CR13]) investigated the entropy generation analysis of a reactive hydromagnetic fluid flow through a channel with isothermal wall temperature under different chemical kinetics without taking into account the effects of internal heat generation within the flow system.

A comprehensive survey of the literature (Hassan and Gbadeyan [@CR11]; El-Amin [@CR7]; Patil and Kulkarni [@CR20]; Cortell [@CR5]; Hassan and Gbadeyan [@CR14]; Saravavan and Kandaswamy [@CR21]; Seddek [@CR22]; Jawdat and Hashim [@CR15]; Oztop and Bilgen [@CR19]; Bagai and Nishad [@CR2]; Di Marcello et al. [@CR6], Chen [@CR4]; Bartella and Nield [@CR3]) observed that the effects of internal heat generation on a reactive hydromagnetic fluid flow have been studied with respect to various physical properties. For example, Hassan and Gbadeyan ([@CR11]) investigated the effect of heat generation on a variable reactive hydromagnetic Couette flow under Arrhenius kinetics and El-Amin ([@CR7]) studied the problem of free convection with mass transfer flow in a micro polar fluid bounded by a vertical infinite surface with an exponentially decaying heat generation under the action of a transverse magnetic field. In addition to that the effects of a chemical reaction of first order on a free convective flow of a polar fluid through a porous medium in the presence of internal heat generation was investigated by Patil and Kulkarni ([@CR20]), while the heat transfer in a differentially heated, partitioned and square cavity containing heat generating fluid has been studied numerically by Oztop and Bilgen ([@CR19]). Also, Jha and Ajibade ([@CR16]) investigated the free convective flow of heat generating/absorbing fluid between vertical parallel porous plates due to periodic heating of the porous plates. This analysis was performed by considering a fully developed flow and steady-periodic regime.

It is well known that the rate of heat transfer is temperature dependent, which increases the interaction of moving fluid and thus influence the internal energy of the flow regime. This interaction according to Frank-Kamenettski ([@CR8]), Makinde and Beg ([@CR18]) as well as Hassan and Gbadeyan ([@CR12]) bring about the condition of thermal runaway or ignition in the flow system to predict critical and unsafe situations. In addition to that, Hassan and Gbadeyan ([@CR12]) only investigated the thermal criticality of a reactive hydromagnetic fluid flow under different chemical kinetics. Meanwhile, in their study, Hassan and Gbadeyan ([@CR12]) together with Makinde and Beg ([@CR18]), Hassan and Gbadeyan ([@CR13]) did not consider the effect of the internal heat generation within the flow system, but stated the importance of hydromagnetic reactive flows that are often accompanied with heat transfer, which according to them is an integral part of natural convection flow that belongs to the class of problems in boundary layer theory which occurs in various physical phenomena such as fire engineering, combustion modelling, nuclear reactor, heat exchangers, etc.

Hence, the present study aims to investigate the analysis of a reactive hydromagnetic Poiseuille fluid flow through a horizontal channel under the influence of an internal heat generation produced within the flow system. It is assumed that the reaction is exothermic under different chemical kinetics with their respective numerical exponents (*m*). The analytical solutions of the nonlinear dimensionless equations governing the fluid flow are obtained using the Adomian decomposition method (ADM) together with Pade approximation technique. Also, important properties of velocity and temperature fields including entropy generation analysis and thermal criticality conditions of the fluid flow under different chemical kinetics are discussed. More importantly, our results shall be of interest to industries in improving the efficiency and effectiveness of hydromagnetic lubricants used in engineering systems.

In the rest of this paper, the problem is formulated in "[Mathematical formulation](#Sec2){ref-type="sec"}" section. The governing equations are solved using the ADM in "[The Adomian decomposition method (ADM)](#Sec3){ref-type="sec"}" section while the entropy generation analysis and thermal criticality conditions were determined in "[Entropy generation](#Sec4){ref-type="sec"}" and "[Thermal stability and the Pade approximation technique](#Sec5){ref-type="sec"}" sections respectively. Presentations of analytical results of the problem are shown in tables, and graphs in "[Results and discussion](#Sec6){ref-type="sec"}" section and "[Conclusion](#Sec7){ref-type="sec"}" section gives the concluding remarks.

Mathematical formulation {#Sec2}
========================

Let us consider the steady flow of an incompressible reactive fluid through a channel made up of two parallel plates with isothermal wall temperature. The fluid is electrically conducted under the influence of a transversely applied magnetic field ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{L}$$\end{document}$ is the channel characteristic length.Fig. 1Geometry of the problem

The *x*-axis is taken along the centreline of the channel and *y*-axis is transverse to this. The walls of the channel are at distance 2*a* apart. Neglecting the induced magnetic field and the consumption of the reactant, the differential equations governing the fluid flow in non-dimensionless form as in Makinde and Beg ([@CR18]), Hassan and Gbadeyan ([@CR14]), Frank-Kamenettski ([@CR8]), Jha and Ajibade ([@CR16]) may be written as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{T}$$\end{document}$ is the dimensional fluid temperature, *Q* is the heat of the reaction term, $\documentclass[12pt]{minimal}
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                \begin{document}$$C_0$$\end{document}$ is the reactant species initial concentration, *A* is the reaction rate constant, $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell$$\end{document}$ is Planck's number and *E* is the activation energy, Also, *R* is the universal gas constant, $\documentclass[12pt]{minimal}
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                \begin{document}$$m\in \lbrace -2,0,0.5\rbrace$$\end{document}$ respectively represent chemical kinetics for sensitized, Arrhenius and bimolecular kinetics. Finally, it should be noted that the fourth term in ([2](#Equ2){ref-type=""}) is investigated in Makinde and Beg ([@CR18]) for only the Arrhenius case (where $\documentclass[12pt]{minimal}
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                \begin{document}$$m = 0$$\end{document}$) and Hassan and Gbadeyan ([@CR12]) considered ([2](#Equ2){ref-type=""}) for various kinds of chemical kinetics, but both Makinde and Beg ([@CR18]) and Hassan and Gbadeyan ([@CR12]) did not consider the last term in ([2](#Equ2){ref-type=""}) which represents the effect of the internal heat generation within the flow system which also is similar to the modelling done in Hassan and Gbadeyan ([@CR14]), Bartella and Nield ([@CR3]), Jha and Ajibade ([@CR16]).

Introducing the following non-dimensional quantities:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{\mathrm {d}u}{\mathrm {d}y}=\frac{\mathrm {d}T}{\mathrm {d}y}\quad \text{ on }\quad y=0\quad \text{ and }\quad u = T =0 \quad \text{ on }\quad y=\pm 1.$$\end{document}$$where the non-dimensional variables *u* is the axial velocity and *T* is the fluid temperature. Also, other parameters include *G*, which represent the pressure gradient, *a* is the channel half width, *U* is the mean velocity, *H* is the Hartmann number, $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda$$\end{document}$ is the critical explosion parameter named after Frank-Kamenettski, *Br* is the Brinkman number, $\documentclass[12pt]{minimal}
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The Adomian decomposition method (ADM) {#Sec3}
======================================

As already mentioned, the non-dimensional non-linear coupled boundary value problems ([5](#Equ5){ref-type=""})--([7](#Equ7){ref-type=""}) governing the flow of a reactive magnetohydrodynamics internal heat generating Poiseuille fluid is solved in this section using the ADM (Hassan and Gbadeyan [@CR11], [@CR12]; Wazwaz and El-Sayed [@CR23]; Hassan and Fenuga [@CR10]; Adesanya and Gbadeyan [@CR1]; Gbadeyan and Hassan [@CR9]; Kutafina [@CR17]).

In order to decouple the boundary value problems, Eq. ([5](#Equ5){ref-type=""}) is a linear second order non-homogeneous differential equation that can be solved by splitting it into a complimentary function and a particular integral; together with appropriate boundary conditions to give a general exact solution as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{\mathrm {d}T}{\mathrm {d}y}\left( 0\right) =0\quad \text{ and } \quad T(1)=0$$\end{document}$$We now solve the boundary value problem for various types of chemical kinetics as follows:$$\documentclass[12pt]{minimal}
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Entropy generation {#Sec4}
==================

Entropy generation is a measure of the account of irreversibility associated with the real process. It is a measure of disorderliness in a system. In order to preserve the quality of energy in a fluid flow process or at least to reduce the entropy generation, it is also important to study the distribution of the entropy generation within the fluid volume. Hence, in this section, the analysis of entropy generation of a reactive hydromagnetic internal heat generating fluid flow is discussed. According to Hassan and Gbadeyan ([@CR13]) and Wood ([@CR24]), the general equation for the entropy generation per unit volume in the presence of the magnetic field is given as:$$\documentclass[12pt]{minimal}
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Thermal stability and the Pade approximation technique {#Sec5}
======================================================

The analysis of the thermal criticality for different chemical kinetics under the influence of a magnetic intensity field and heat source is carried out in this section. Firstly, the expressions for the unknown constant $\documentclass[12pt]{minimal}
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Taking the diagonal Pade approximant of ([22](#Equ22){ref-type=""}) at various values lead to an eigenvalue problem. To show that the series converges, the unknown constant $\documentclass[12pt]{minimal}
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Results and discussion {#Sec6}
======================

In this section, we compare the solutions of temperature profiles, entropy generation rates, solution branches and thermal criticality for different chemical kinetics under the influence of a heat source and magnetic intensity. However, our results shall show the efficiency of the ADM and the effect of internal heat generation which was not accounted for in Makinde and Beg ([@CR18]) where the Perturbation method (PM) was used to find the solutions of the governing equations. Notably, our results shall be equivalent to that of Makinde and Beg ([@CR18]) when the numerical exponent (*m*) and internal heat generation term $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} shows the comparison of numerical results of the temperature profile between the ADM and the PM used in Makinde and Beg ([@CR18]). The results showed the efficiency of the ADM as another alternative in getting approximate solutions to differential equations with average differences of order $\documentclass[12pt]{minimal}
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                \begin{document}$$(\beta )$$\end{document}$ as it increases from 0 to 0.5; that is, an increase is noticed in the fluid temperature at both ends of the wall and the maximum temperature is noticed at the centreline of the fluid channel.

Table [2](#Tab2){ref-type="table"} shows the computation of the entropy generation analysis for different chemical kinetics and shows that fluid friction dominates at the core region of the flow at the upper and lower surfaces of the plate as $\documentclass[12pt]{minimal}
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Table [3](#Tab3){ref-type="table"} represents the rapid convergence of the ADM for obtaining the minimum and maximum temperature for sensitized chemical kinetics when ($\documentclass[12pt]{minimal}
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The effect of the internal heat generation on the critical values $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} shows the effect of pressure gradient (*G*) on the fluid velocity. The maximum velocity occurs as the pressure gradient (*G*) increases. This is true in the sense that, the more the pressure is applied in the channel, the faster the flow of the fluid. The plot of the velocity profile for variations in the Hartmann number (*H*) is shown in Fig. [3](#Fig3){ref-type="fig"}. As observed, the maximum velocity occurs at the minimum value of the parameter. Further increase in (*H*) decreases the flow velocity maximum; this is due to the presence of Lorentz forces which has retarding effects on fluid flow when placed across the flow channel.Fig. 2Fluid velocity profile with variations in the pressure gradientFig. 3Fluid velocity profile with variations in magnetic field intensityFig. 4Comparison of fluid temperature profiles for different kinetics

The maximum temperature is observed in Fig. [4](#Fig4){ref-type="fig"} as the numerical exponent (*m*) increases with the effect of the internal heat generation $\documentclass[12pt]{minimal}
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                \begin{document}$$(\beta )$$\end{document}$, it is clearly seen that the heat generated internally contributes to an increase in the temperature of the fluid flow. The comparison of entropy generation rate for different chemical kinetics is shown in Fig. [5](#Fig5){ref-type="fig"}. It is observed that an increase in the numerical exponent (*m*) gives an increase in the entropy generation rate. Although, the entropy generation rate is at minimum which is above zero due to the effect of internal heat generation rates around the core region of the channel and rises to the maximum value of the plate surfaces.Fig. 5Comparison of entropy generation rates for different kineticsFig. 6Bejan number for different chemical kineticsFig. 7Solution branches for sensitized kineticsFig. 8Solution branches for Arrhenius kinetics

Figure [6](#Fig6){ref-type="fig"} also displays the comparison of the entropy generation rate for different chemical kinetics where heat transfer irreversibility dominates at both lower and upper plate surfaces and increase with increasing values of each numerical exponent (*m*) while fluid friction irreversibility dominates around the core region.Fig. 9Solution branches for bimolecular kinetics

Figures [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}, and [9](#Fig9){ref-type="fig"} show the solution branches for different chemical kinetics. These plots display the qualitative change in the flow system due to the effect of internal heat generation rates. The Frank-Kamenettski parameter $\documentclass[12pt]{minimal}
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Conclusion {#Sec7}
==========

The analysis of a reactive hydromagnetic internal heat generating Poiseuille fluid flow through a channel is carried out. The ADM was used to obtain the analytical solutions of the governing equations and the Pade approximation technique was used to determine the thermal criticality of a reactive hydromagnetic fluid flow through a channel for different chemical kinetics.

The results revealed that as the numerical exponent $\documentclass[12pt]{minimal}
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                \begin{document}$$m \in \left\{ -2, 0, 0.5\right\}$$\end{document}$ increases the temperature also increases and that the effect of the heat source influenced the fluid flow by increasing the fluid temperature and that an increase in the magnetic field intensity increases the thermal criticality values. The entropy generation rate is observed to be at the minimum around the core region of the channel and rises to its maximum values at the plate surfaces and that an increase in the numerical exponents gives an increase in the entropy generation rate. It is found that among others, the thermal criticality conditions and with the right combination of thermophysical parameters controlling the system, the thermal runaway can be prevented. These will be of interest to lubrication companies in improving the efficiency and effectiveness of hydromagnetic materials used in engineering systems.
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